Conversion coating by immersion in solution including Mg(NO 3 ) 2 and/or La(NO 3 ) 3 was applied to commercial Mg alloys: AZ31, AZ61, AZ91 and AM60. The formed layer was analyzed, and the corrosion resistance of the specimen against salt water was investigated. The influences of the coating conditions on the characteristics of the layer and on the corrosion behavior were discussed. A thin oxide layer was formed on the surface of the specimen by the conversion coating, and La was contained in the layer obtained in the solution including La(NO 3 ) 3 . The corrosion resistance of Mg alloys wasn't remarkably improved by the conversion coating using either Mg(NO 3 ) 2 solution or La(NO 3 ) 3 solution, while it was particularly bettered by the coating using the solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 . The good corrosion resistance was obtained under the wide concentration ratio of La(NO 3 ) 3 to Mg(NO 3 ) 2 , and the optimum coating conditions for each alloy was specified. The pretreatment, such as the alkaline degrease, the acid pickling and the surface activation, was effective for the uniform coating on large specimen.
Introduction
Magnesium metal is widely used because of its superior characteristics, and its demand for many purposes, such as in automobile manufacturing, should rise from now on. Magnesium is usually used as Mg alloys to improve its mechanical properties and corrosion resistance, but their corrosion resistance is still insufficient for some uses. To improve the corrosion resistance furthermore, surface treatments are widely applied. The chemical conversion coating with Cr is popular for this purpose, and betters the corrosion resistance of Mg alloys exceedingly. However, the surface treatments without Cr are desired to prevent the pollution of the environment. The coating film with Cr should have a bad influence on the recycling of Mg alloys, too; chromium on the film should be reduced and solved in Mg alloys in the remelting process of Mg alloys. Because the very small amount of Cr in Mg deteriorates its corrosion resistance, 1) the additional elimination process of Cr from the remelted Mg alloys is required.
Our group has focused the effect of rare earth elements (REs) on the corrosion resistance of Mg metal and alloys.
2)
The corrosion resistance of Mg metal against salt water was remarkably improved by the addition of a small amount of REs, and Mg metal including the optimum RE content was directly obtained by electrolysis in molten chloride bath with RE chloride.
3) Some researchers reported that the corrosion resistance of Mg was bettered by the formation of a surface oxide film containing REs, [4] [5] [6] and our previous studies also indicated that the corrosion resistance of Mg was particularly improved by the conversion coating in the solution containing both Mg(NO 3 ) 2 and La(NO 3 ) 3 . 7, 8) Cerium, Sm and Nd were also used in these studies, 7, 8) and gave almost the same influence on the corrosion resistance of Mg metal.
In this study, an oxide film containing La was formed on some commercial Mg alloys by conversion coating in nitrate solution, and the effect on the corrosion resistance against salt water was investigated. The difference in the corrosion behavior between some types of Mg alloy and the influences of coating conditions were also discussed.
Experimental
Commercial Mg alloys: AZ31, AZ61, AZ91D and AM60 were used as specimens, and embedded in resin form except for one face (about 10 mm-square) to control an active area. The face without resin was polished with emery paper (#1500), and degreased with ethanol. For some AZ31 specimens, pretreatments, such as alkaline degrease in NaOH and NaH 2 PO 4 , solution (37 g/dm 3 and 10 g/dm 3 , respectively, 6 min. at 363 K), acid pickling in H 3 PO 4 (85%, 30 s at room temperature) and/or surface activation in NaF solution (10-40 g/dm 3 , 10-30 min. at 343 K), were applied. Conversion coating was performed by using a solution including Mg(NO 3 ) 2 (Kanto-chemical, hexahydrate, specialgrade), and/or La(NO 3 ) 3 (Kanto-chemical, hexahydrate, special-grade). The specimen mentioned above was immersed in the nitrate solution at room temperature. The concentrations of the nitrates and the immersion time were varied. The specimen after the immersion was rinsed with distilled water, and dried under an air flow for 1 day at 363 K in order to denitrate. The surface of the specimen was wiped softly with tissue paper to remove powdery deposits on the surface. The specimen was observed by laser and electron microscopes, and analyzed by XRD, EPMA and XPS.
The corrosion behavior of the specimen was examined against salt water. The corrosion rate of the specimen was measured in accordance with JIS H 0541. The specimens was immersed for 72 hours in a NaCl solution of 0.5 dm 3 . The NaCl concentration was 50 g/dm 3 , and the pH was adjusted as 10-11 by Mg(OH) 2 . The corrosion test was performed at 35 C in an incubator, and the salt water was kept stirring by electric stirrer. The specimen was rinsed with distilled water, and the corrosion product on the surface was removed with a hard plastic brush. The specimen was weighed, and the corrosion rate R (mm/y) was calculated by the following equation;
where W, A, D and t are weight change (g), active area (cm 2 ), density (g/cm 3 ) and immersion time (h), respectively. The corrosion of the specimens proceeded with time. For some specimens, the weight changes with time during corrosion test were measured in a NaCl solution of 0.5 dm 3 at room temperature. In this test, the NaCl concentration was 30 g/dm 3 and the pH wasn't adjusted. The specimen immersed in the solution was taken out periodically, and the corrosion product on the surface was removed with a hard plastic brush. The specimen was weighed, and immersed again in the solution quickly. Since this condition and procedure was harder than that of JIS H 0541, this corrosion test was regarded as an accelerated test.
The corrosion behavior of the specimen in salt water was observed in situ by a CCD camera attached to the laser microscope. The appearances before and after the corrosion test were also compared.
Results and Discussion

Chemical conversion film on Mg alloys
A thin coating layer was formed on the specimen by the conversion coating. The surface after the coating was colored white, but the substrate was seen through the layer after removing powdery deposit on the surface. Figure 1 shows the SEM image of the surface after the coating by immersion in the solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 . A typical island-like structure was seen on the whole surface by the SEM observation, and Mg, O and La were detected by EPMA. Because no crack was found by laser microscopic observation, the crevices seen in Fig. 1 seemed to be filled with a substance with different composition or different density. Circular spots were found by SEM and laser microscope observations. The spots were thought the trace of fine bubbles generated during the immersion in the nitrate solution. Figure 2 shows a SEM image of the cross section of the specimen and the distribution maps of some elements. The coating layer was not clear in the SEM image, but a very thin oxide-rich layer was seen on the surface. Lanthanum was detected in the surface layer though its distribution was indistinct in Fig. 2 by noise.
Neither Mg oxide nor La oxide was detected by XRD on the surface of the AZ31 specimen treated in Mg(NO 3 ) 2 and La(NO 3 ) 3 solution, whereas Mg, Al, O and La was detected by XPS as shown in Fig. 3 . The results by SEM, XRD and XPS indicate that the surface film containing La and O was formed by the conversion coating in the Mg(NO 3 ) 2 and La(NO 3 ) 3 solution. The coating layer was very thin, and the low crystallized compounds might have been formed under the experimental condition. A coating layer on each Mg alloy was almost the same, and also resembled the layer obtained on Mg metal. The formation of oxide or hydroxide was reported by the conversion coating in La(NO 3 ) 3 and Ce(NO 3 ) 3 soulutions, 6) but the accurate chemical species by our present work has not been clarified yet.
Effect of conversion coating on corrosion behavior
The corrosion resistance of AZ31 was improved by the conversion coating using the Mg(NO 3 ) 2 solution to some extent as shown in Fig. 4 . The alloys treated in the La(NO 3 ) 3 solution showed good corrosion resistivity under some conditions, but the corrosion resistance got worse under other conditions as shown in Fig. 5 . It was reported that the corrosion resistance of Mg metal was considerably bettered by these treatments, 5) but the sufficient improvement wasn't found for Mg alloys in this study. Since the corrosion resistance of Mg alloys are much better than that of Mg metal, the conversion coating by immersion in solution including either Mg(NO 3 ) 2 or La(NO 3 ) 3 isn't effective for the improvement of the corrosion resistance of Mg alloys.
The corrosion resistance of AZ31 was remarkably bettered by the treatment in solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 as shown in Fig. 6 . The coating conditions didn't strongly affect the improvement in the corrosion resistance as long as the treatment was performed in solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 . These results agree with those of the coating on Mg metal, 8) and suggest that the surface oxygen-rich layer consisting of both Mg and La gives good corrosion resistance to Mg alloys.
The corrosion resistances of other Mg alloys, AZ61, AZ91 and AM61, were particularly improved by the conversion coating by immersion in solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 , too. The most of the specimens treated in the solution containing both Mg(NO 3 ) 2 and La(NO 3 ) 3 corroded only slightly, so that the weight decrease by JIS H 0541 seemed not enough to evaluate the corrosion degree accurately. 
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Almost all the surface of the Mg alloys without the coating were corroded after 10-hour immersion in 5% salt water, whereas the surface of the most coated specimens was corroded partially. Figure 7 shows the influence of the concentrations of Mg(NO 3 ) 2 and La(NO 3 ) 3 on the corrosion degree judged from the change in the appearance under this condition. The specimen was classified by the ratio of the corroded area into ''highly improved'' for less than 25%, ''improved'' for 25-50% and ''unchanged'' for more than 50%. The optimum concentrations of the nitrates were different for each alloy. However, the good corrosion resistance was obtained under the wide concentration ratio of La(NO 3 ) 3 to Mg(NO 3 ) 2 , and the treatment even in the dilute solution was effective. In the case that the immersion time in the nitrates solution was less than 1 hour, the corrosion resistance wasn't improved sufficiently. However, the optimum immersion time was varied according to the concentrations of the nitrates when the specimen was immersed more than 1 hour. The long immersion in the concentrated nitrates solution sometimes caused the damage of the specimen. Figure 8 shows the in-situ appearances of typical corrosion areas on AZ31 with/without the conversion coating in salt water. AZ31 itself has good corrosion resistance against salt water in comparison with Mg metal, 8) but it corrodes gradually; filiform corrosion with gas generation occurred on the specimen without coating. Corrosion proceeded gradually, and the most of the surface was corroded after 1 hour. The corrosion resistance of AZ31 was improved by the conversion coating using Mg(NO 3 ) 2 and La(NO 3 ) 3 solution. On the specimen with the coating, bubble formation was often seen, but corrosion hardly proceeded. Filiform corrosion was also seen, but the corrosion spots were much less than those on the specimen without the coating. Furthermore, the rate of filiform corrosion seemed very slow even after it started. Because the circular spots on the specimen with the coating didn't become the starting point of corrosion, the surface film seemed to be formed on these parts. The in-situ observation of the corrosion indicates that the conversion coating inhibites both the occurrence and the progress of corrosion.
The weight changes of Mg metal and AZ31 with/without the coating with time in 3% NaCl solution at room temperature were reported briefly as shown in Fig. 9 .
2) The weight change of Mg metal without the conversion coating was corroded rapidly. The corrosion resistance of AZ31 without the coating was much better than that of Mg metal, but the specimen was corroded with the gradual decrease in the weight. The weight of the AZ31 specimen with the coating was unchanged after the slight increase at the beginning. The difference between the specimens after the immersion was apparent; the surface of Mg metal without the coating was corroded violently. The surface of the AZ31 specimen without the coating was also corroded to some extent, whereas no obvious trace of corrosion was seen on the surface of the specimen with the coating. It should be emphasized that the specimen with the coating preserved its ideal corrosion resistance even after the periodical polish with a hard plastic brush. This result suggests that the coating layer has certain toughness, and also there might be a possibility that the layer has self-repairing ability. The remarkable influence by the pretreatment on the corrosion resistance of the small specimen (about 10 mmsquare) wasn't seen, that is, an effective surface layer could be formed even without the pretreatment. However, the pretreatment, such as the alkaline degrease, the acid pickling and the surface activation, gave the better uniformity to the coating layer for the larger specimen (about 50 mm-square). Figure 10 shows the appearances of the larger AZ31 specimens with the conversion coating which were pretreated fully and without the surface activation. Although the white parts in Fig. 10 corresponded to powdery deposit and didn't show the coating layer directly, the uniform layer seemed to be Effect of Conversion coating with Rare Earth Element on Magnesium Alloysformed on the specimen with full pretreatment. The corrosion resistance was bettered consequently. The corrosion resistance of the pretreated specimen without the conversion coating was inferior to the coated specimens not only with the pretreatment and also without the pretreatment.
The conversion coating layer formed on Mg alloys was almost the same as that on Mg metal, and the corrosion resistance of Mg alloys was improved by the coating similarly. 8) Because the corrosion resistance of Mg metal was improved by the conversion coating using Ce(NO 3 ) 3 , Nd(NO 3 ) 3 and Sm(NO 3 ) 3 with Mg(NO 3 ) 2 , 8) it is expected that the corrosion resistance of Mg alloys should be bettered by the conversion coating using not only these rare earth elements and also their mixture.
Conclusions
The conversion coating layer was formed on commercial Mg alloys by using solution including Mg(NO 3 ) 2 and La(NO 3 ) 3 . The layer was a thin oxide film containing Mg and La. The corrosion resistance of commercial Mg alloys was significantly improved by the conversion coating by immersion in the solution including both Mg(NO 3 ) 2 and La(NO 3 ) 3 . The good corrosion resistance was obtained under the wide concentration ratio of La(NO 3 ) 3 to Mg(NO 3 ) 2 , and the optimum coating conditions for each alloy was specified. The in-situ observation of the corrosion in salt water indicated that the conversion coating inhibited both the occurrence and the progress of corrosion. The pretreatment, such as the alkaline degrease, the acid pickling and the surface activation, was effective for the uniform coating for large specimen.
